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摘要 
于中国第 4 次和第 6 次北极科考期间采用主、被动不同采样方法采集了北
太平洋至西北冰洋大气和海水中多环芳烃（Polycyclic Aromatic Hydrocarbons，
PAHs）样品，获得了大空间尺度上 PAHs 在大气和表层海水中的含量、分布和
来源及北冰洋中心海区 PAHs 的垂直分布特征等生物地球化学特征，探讨了
PAHs的海-气界面过程，主要初步结论如下： 
2010 年 7-9 月第 4 次北极科考期间，采用主动采样方法采集了表层海水和
北冰洋中心海盆区垂直站位 PAHs样品。表层海水中溶解态 Σ7PAH浓度范围为
1.08-5.25 ng/L，平均浓度为 2.00 ng/L，总体上呈现出从北太平洋到西北冰洋浓
度逐渐下降的分布趋势，大气和洋流的长距离输送对 PAHs 的水平空间分布影
响较大。溶解态 Σ7PAH的垂直剖面分布呈现表层富集、随深度增加浓度减小的
特征，这一分布规律主要受到北冰洋水体垂直层化作用和水柱中颗粒沉降过程
的影响。比值法判断 PAHs 来源表明，北太平洋至西北冰洋表层海水中 PAHs
来自于混合来源，主要来自于燃烧来源。海-气交换通量计算结果表明，2010年，
北太平洋至西北冰洋，Acpy和 Acp呈现微弱的挥发趋势，其它 PAHs呈现明显
的沉降趋势。 
2014 年 7-9 月第 6 次北极科考期间，采用被动采样方法采集了走航大气和
表层海水中 PAHs样品。表层海水中自由溶解态 Σ11PAH浓度范围为 1.83-16.19 
ng/L，平均值为 8.54 ng/L。总体来看，Σ11PAH浓度呈现出随纬度增加而减小的
趋势。近岸来源、洋流的长距离输送对自由溶解态 PAHs 的水平空间分布影响
较大。大气中气态 Σ9PAH浓度范围是 0.67-12.55 ng/m
3，平均值为 3.57 ng/m3。
气态 Σ9PAH 总体呈现随纬度增加浓度减少的分布趋势。表层海水的挥发和气团
迁移对气态 PAHs的水平空间分布影响较大。比值法判断 PAHs来源表明，北太
平洋至西北冰洋海域的 PAHs 来自于燃烧来源。海-气交换通量计算结果表明，
2014年，从北太平洋至西北冰洋，PAHs呈现净挥发趋势。 
以上海-气交换研究均采用双膜理论的方法，只考虑了污染物在气态和海水
溶解态间的“扩散”过程，忽略了实际环境中 PAHs 在大气、海水中的溶解态
与颗粒态分配平衡、干/湿沉降和降解等过程。此外，双膜理论假设界面两侧存
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在稳定的等效膜层和物质以分子扩散方式进行交换，这对于海洋环境难以成立。
为了更真实、更全面地模拟 PAHs的海-气界面过程，结合 2010年所获 PAHs数
据，建立了白令海 PAHs 海-气相互作用的 Level III 逸度模型。结果表明，
Σ7PAH 的挥发、吸收、雨水溶解、湿颗粒沉降和干颗粒沉降通量依次为 0.681、
4.335、0.199、0.177 和 0.007 nmol/m2/d，总沉降通量大于挥发通量。至少在夏
季，白令海 PAHs 仍表现出净沉降的趋势，因此高纬海区仍然是 PAHs 的
“汇”。而较低分子量 PAHs如 Acpy和 Acp，它们的沉降和挥发作用几乎达到
平衡，环境中任何微小的扰动都可能导致其海-气界面的不平衡，使得这些化合
物从北冰洋的储库中释放出来。 
PAHs由 2010年净沉降向 2014年净挥发趋势的转变主要是由于表层海水和
大气中 PAHs 浓度的变化引起的，水温和海冰覆盖面积的减少也可以部分解释
极地 PAHs的这一转变过程。 
海-气界面过程研究是解决极地污染物“源汇”问题最直接、最有效的途径。
以上研究均表明，在当前气候快速变化背景下，极地海水中半挥发性有机物的
挥发与否正经历着转变的过程，其归宿问题还需要进一步地长期研究。本文后
续的研究工作将主要围绕研究海域的扩展和逸度模型的完善展开。 
 
关键词：多环芳烃；海-气界面过程；逸度模型；北太平洋；西北冰洋 
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Abstract 
Polycyclic Aromatic Hydrocarbons (PAHs) in the air and seawaters were 
collected during the 4th and 6th Chinese National Arctic Research Expedition. 
Distribution and sources of PAHs from the North Pacific to the Western Arctic, 
vertical profile in the Arctic, as well as air-sea interface process were discussed. The 
main conclusions are as followed: 
PAHs in the surface seawaters from the North Pacific Ocean to the Arctic Ocean, 
as well as a water column in the Arctic Ocean, were collected by active sampling 
during the 4th Chinese National Arctic Research Expedition in summer 2010. The 
total concentrations of the seven dissolved PAHs (Σ7PAH) in surface water ranged 
from 1.0 to 5.1 ng/L, decreasing with increasing latitude, and isomer pair ratios 
indicated that PAHs primarily descended from the mixed sources of petrogenic and 
pyrolytic origin. The vertical profile of PAHs in the Arctic Ocean was generally 
characteristic of surface enrichment and depth depletion, which emphasized the role 
of vertical water stratification and particles settling processes. Air-sea exchange 
fluxes suggested that PAHs are mostly undergoing net deposition in the North Pacific 
and the Arctic. 
PAHs in the air and surface seawaters from the North Pacific Ocean to the Arctic 
Ocean were collected by passive sampling during the 6th Chinese National Arctic 
Research Expedition in summer 2014. The total concentrations of the eleven freely-
dissolved PAHs (Σ11PAH) in surface water ranged from 1.83 to 16.19 ng/L, 
decreasing with increasing latitude. Terrestrial input and ocean current LRT had 
significant influence on the horizontal distribution of seawater PAHs. The total 
concentrations of the nine gaseous PAHs (Σ9PAH) in air ranged from 0.67 to 12.55 
ng/L, decreasing with increasing latitude. Volatilization from seawater and air mass 
transfer contributed most to the horizontal distribution of atmospheric PAHs. Isomer 
pair ratios indicated that PAHs primarily descended from the combustion sources. 
Air-sea exchange fluxes suggested that PAHs are mostly undergoing net volatilization 
from the North Pacific to the Western Arctic, which meant that the North Pacific and 
the Arctic serves as secondary sources for PAHs in summer. 
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The air-sea exchange fluxes studied above were all based on the two-film model, 
which partition between dissolved and particulate phase, dry / wet deposition and 
degradation processes were neglected. In addition, the two-film model assumes that 
there is a stable film on both sides of the interface and the material is exchanged in a 
molecular diffusion mode, which is difficult in marine environment. In order to 
simulate the air-sea interface process of PAHs more accurately and comprehensively, 
the air-sea interaction fugacity model of PAHs in the Bering Sea was established, 
according to the PAHs data sampled in 2010. The results indicated that the 
volatilization, absorption, rainwater dissolution, wet and dry deposition fluxes of 
Σ7PAH are 0.681, 4.335, 0.199, 0.177 and 0.007 nmol/m
2
/d. The total deposition flux 
is bigger than the volatilization flux, which meant that the ocean serves as a sink for 
PAHs, at least in summer. The deposition and volatilization of acenaphthylene and 
acenaphthene almost reached equilibrium, and any perturbation, such as a rise in 
temperature, might lead to disequilibrium and remobilize these compounds from their 
Arctic reservoirs.  
Air-sea interface process research is the most direct and effective way to solve 
the "source sink" controversy of pollutants. And both of our results implied that 
whether the semivolatile organic compounds (SVOCs) was volatilizing or not was 
undergoing the process of transformation in the rapid climate change, and the fate of 
SVOCs needs further study. The following work of this sutdy will focus on the 
expansion of the study area and the richness of the fugacity model. 
  
Keywords: Polycyclic Aromatic Hydrocarbons; Air-sea Interface Process; Fugacity 
Model; North Pacific; Western Arctic 
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主要缩略词表 
缩略词 英文 中文 
PAHs Polycyclic Aromatic Hydrocarbons 多环芳烃 
POPs Persistent Organic Pollutants 持久性有机污染物 
USPEA United States Environmental Protection Agency 美国环境保护局 
Nap Naphthalene 萘 
Acpy Acenaphthylene 苊 
Acp Acenaphthene 二氢苊 
Fluo Fluorene 芴 
Phe Phenanthrene 菲 
Ant Anthracene 蒽 
Flua Fluoranthene 荧蒽 
Pyr Pyrene 芘 
BaA Benzo(a)anthracene 苯并(a)蒽 
Chr Chrysene 䓛 
BbF Benzo(b)fluoranthene 苯并(b)荧蒽 
BkF Benzo(k)fluoranthene 苯并(k)荧蒽 
BaP Benzo(a)pyrene 苯并(a)芘 
InP Indenebenzene(1,2,3-cd) pyrene 茚并(1,2,3-c,d)芘 
DibA Diphenyl(a,h)anthracene 二苯并(a,h)蒽 
BghiP Benzo(g,h,i)perylene 苯并(g,h,i)芘 
Biph Biphenyl 联苯 
MePhe Methylphenanthrene 1-甲基菲 
Ret Retene 惹烯 
BeP Benzo(e)pyrene 苯并(e)芘 
Pery Perylene 苝 
BjF Benzo(j)fluoranthene 苯并(j)荧蒽 
LRT Long-Range Transport 长距离迁移 
PCBs Polychlorinated Biphenyls 多氯联苯 
α-HCH α-Hexachlorocyclohexane α-六六六 
SVOCs Semivolatile Organic Compounds 半挥发性有机污染物 
OCPs Organochlorine Pesticides 有机氯农药 
QWASI Quantitative Water Air Sediment Interaction 定量水、空气、底泥相互作用 
ANSC Aleutian North Shelf Current 阿留申北陆坡海流 
AC Anadyr Current 阿纳德尔流 
KC Kamchatka Current 堪察加流 
ACC Alaskan Coastal Current 阿拉斯加沿岸流 
PML Polar Mixed Layer 极地混合层 
IDL Instrument Detection Limit 仪器检测限 
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缩略词 英文 中文 
MDL Method Detection Limit 方法检测限 
PE Polyethylene film 聚乙稀薄膜 
PRCs Performance Reference Compounds 参照物 
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